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Abstract 

Hyperphagia and weight gain to acquire energy stores for development and 
growth of the fetus and to prepare for the demands of lactation are important 
adaptations to support a healthy pregnancy. As a consequence, hypothalamic 
leptin resistance develops to enable maintenance of a positive energy state. 
During pregnancy there is a decrease in leptin receptor expression and 
reduced leptin-induced phospho signal transducer and activator of transcrip- 
tion 3 (pSTAT3) in the ventromedial nucleus of the hypothalamus (VMN), 
suggesting that the VMN is a key site of pregnancy- induced modification in 
the control of energy homeostasis. The aim of this study was to investigate 
expression levels of known gene targets, which are involved in metabolic regu- 
lation and glucosensing, within the VMN during pregnancy. Using in situ 
hybridization, pituitary adenylate cyclase-activated polypeptide (Pacap), brain- 
derived neurotrophic factor (Bdnf), and glucokinase messenger ribonucleic 
acid (mRNA) expression were localized in the hypothalamus of nonpregnant 
and day 14 pregnant rats, then expression levels were compared by quantita- 
tive polymerase chain reaction (qPCR) using laser capture microdissection of 
the VMN and arcuate nucleus. Despite significantly elevated plasma leptin 
and insulin concentrations, and lower blood glucose levels, during pregnancy, 
no significant changes in gene expression of Pacap, Bdnf, or glucokinase were 
detected between nonpregnant and day 14 pregnant groups. These data sug- 
gest that loss of leptin and insulin sensitivity in the VMN might allow gene 
expression to be maintained at normal/control levels in this nucleus, despite 
marked changes in the levels of these important regulatory hormones. These 
data provide further evidence for development of leptin resistance in the 
VMN as an adaptive response during pregnancy. 



Introduction 

Pregnancy is a metabolically demanding state. Regulation 
of body weight and metabolism is modified to compen- 
sate for the increased energy demands associated with 
placental and fetal load, as well as generating a positive 
energy balance to allow fat deposition in preparation for 
lactation. In nonpregnant adults, body weight is homeo- 
statically regulated by complex neuronal circuits that 
respond to numerous different factors, including periph- 
eral hormones such as leptin and insulin (Morton et al. 



2006; Belgardt and Bruning 2010). Leptin is an adipose- 
derived hormone that is secreted in proportion to the 
amount of body fat, and acts centrally to decrease appe- 
tite and increase metabolic rate. During pregnancy 
increases in fat mass are an important adaptation of the 
maternal body to prepare for the greatly increased meta- 
bolic demands of lactation. Leptin concentrations rise 
along with increases in fat mass, but food intake is also 
increased suggesting a state of leptin resistance. Moreover, 
exogenous leptin does not suppress food intake in preg- 
nant rodents as it does in nonpregnant animals (Ladyman 
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and Grattan 2004; Ladyman et al. 2012), confirming a 
pregnancy- induced loss of sensitivity to leptin. Preg- 
nancy-induced leptin resistance is associated with a 
decrease in leptin receptor expression and a suppression 
of leptin-induced phospho signal transducer and activator 
of transcription 3 (pSTAT3) in the ventromedial nucleus 
of the hypothalamus (VMN) (Ladyman and Grattan 
2004, 2005; Ladyman et al. 2012). These data suggest that 
the VMN may be a key site that undergoes adaptation to 
pregnancy to modify the regulation of energy balance. 
The aim of this study was to investigate genes within the 
VMN that have been implicated in the regulation of 
energy balance and thus may be altered during pregnancy 
and the associated state of positive energy balance. 

Although the role of the VMN in the regulation of 
energy balance has been known for a long time, the 
specific neuronal phenotypes involved are not well under- 
stood. Early studies using lesions of the VMN demon- 
strated an anorectic role for this area (Anand and 
Brobeck 1951; Inoue and Bray 1977) and electrical stimu- 
lation of the VMN leads to a decrease in food intake 
(Ruffin and Nicolaidis 1999). The VMN contains both 
leptin and insulin receptors (Dhillon et al. 2006; Cotero 
and Routh 2009; Klockener et al. 2011), and isolated dele- 
tion of leptin receptors from this nucleus leads to obesity 
and increased food intake, indicating an important role of 
the VMN in the function of leptin (Dhillon et al. 2006). 
Recently, two factors expressed in neuronal populations 
within the VMN, pituitary adenylate cyclase-activating 
polypeptide (PACAP) and brain-derived neurotrophic 
factor (BDNF), have become a focus of work relating to 
the role of the VMN in energy balance. PACAP is a neu- 
ropeptide present throughout the central nervous system, 
but within the hypothalamus, it is most highly expressed 
in the VMN. A large proportion of leptin-responsive cells 
within the VMN contain PACAP, suggesting direct regu- 
lation of leptin on PACAP -containing neurons (Hawke 
et al. 2009). Fasted mice, and ob/ob mice, which lack 
functional leptin, both have reduced levels of VMN 
PACAP messenger ribonucleic acid (mRNA), and these 
levels can be restored by exogenous leptin administration 
(Hawke et al. 2009). Administration of PACAP directly 
into the brain leads to a suppression of food intake and 
increased energy expenditure (Morley et al. 1992; Chance 
et al. 1995; Mizuno et al. 1998; Hawke et al. 2009; Mou- 
nien et al. 2009). BDNF, a member of the neurotrophin 
family, has recently been demonstrated to play a distinct 
role in regulating energy balance (Vanevski and Xu 2013). 
BDNF is thought to act as an anorectic factor: like PA- 
CAP, infusions of BDNF into the lateral ventricles lead to 
a reduction in food intake and a number of BDNF 
mutant mouse models have demonstrated obesity pheno- 
types (Pelleymounter et al. 1995; Kernie et al. 2000; Rios 



et al. 2001). Furthermore, specific deletion of BDNF in 
the VMN and dorsomedial nucleus of the hypothalamus 
(DMN) of adult mice causes increased food consumption 
(Xu et al. 2003; Unger et al. 2007). Fasting leads to a 
reduction in Bdnf mRNA in the VMN. Leptin can induce 
Bdnf mRNA and protein expression in the VMN (Komori 
et al. 2006), although more recently, it has been shown 
that leptin receptors do not colocalize with BDNF in the 
VMN, indicating that this action of leptin on BDNF may 
be indirect (Liao et al. 2012). VMN BDNF-containing 
neurons express insulin receptors; thus, it is possible there 
is a direct action of insulin on these neurons (Liao et al. 
2012). Given that both Pacap and Bdnf are expressed in 
the VMN and are known to be regulated by leptin and/or 
insulin, we hypothesized that pregnancy-induced leptin 
resistance within the VMN would result in a decrease in 
expression of these important VMN genes. 

The VMN also contains glucose-sensing neurons that 
alter their firing rate in response to prevailing extracellu- 
lar glucose concentrations (Oomura et al. 1969). Similar 
to its role in pancreatic beta- cells, glucokinase appears to 
act as a critical glucose sensor in a substantial proportion 
of these VMN neurons (Kang et al. 2006). Glucose-sens- 
ing neurons play a critical role in regulating release of 
counter- regulatory hormones, such as glucagon, in 
response to hypoglycemia (Borg et al. 1995, 1997; Levin 
et al. 2008). In situations such as diet-induced obesity, 
where there is defective central counter-regulatory 
response to hypoglycemia, VMN glucokinase mRNA 
expression is increased (Dunn-Meynell et al. 2002). The 
counter- regulatory response is also blunted during preg- 
nancy, with a suppression of glucagon release (Rossi et al. 
1993; Canniff et al. 2006) and an attenuated response of 
the autonomic system (Canniff et al. 2006). Therefore, we 
hypothesized that glucokinase mRNA would be increased 
during pregnancy, to contribute to pregnancy-induced 
attenuation in the counter- regulatory response to hypo- 
glycemia. 

Overall, the aim of the current study was to investigate 
genes within the VMN that have been implicated in 
energy homeostasis and thus may be altered during preg- 
nancy and the associated state of positive energy balance. 
Initially, in situ hybridization was used to determine the 
hypothalamic localization of Pacap, Bdnf and glucokinase 
mRNA in nonpregnant and day 14 pregnant rats, then 
laser capture microdissection (LMD) followed by quanti- 
tative polymerase chain reaction (qPCR) was used to 
assess expression levels of these genes in the two physio- 
logical states. Currently, there is only limited knowledge 
of metabolically relevant genes within the VMN and the 
target genes in this study represent three of the best char- 
acterized. Day 14 of pregnancy was selected as previous 
work has indicated that a state of leptin resistance in the 
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VMN has developed, and food intake is significantly 
increased, by this stage of pregnancy (Ladyman and Grat- 
tan 2004). 

Material and Methods 
Animals 

Female Sprague-Dawley rats, ranging in weight from 
200-300 g and aged 10-14 weeks, were obtained from the 
colony at the University Of Otago. Animals were group 
housed in an environmentally controlled room with a 
14 h light/ 10 h dark cycle, temperature maintained at 
20 ± 1°C, and humidity in the range of 40-60%. All rats 
had free access to food and water. Experimental proce- 
dures involving rats were approved by the University of 
Otago Animal Ethics Committee in conjunction with the 
New Zealand Animal Welfare Act 1999 and Agricultural 
Compounds and Veterinary Medicines Act 1997. The 
estrous cycle was monitored by daily cytological examina- 
tions of vaginal smears. To generate timed pregnancies, 
proestrous females were housed overnight with a male 
Sprague-Dawley rat and presence of sperm in the vaginal 
smear the following morning was used as confirmation of 
pregnancy (day 0). For all experiments, nonpregnant rats 
were killed in the diestrous stage of the estrous cycle and 
pregnant rats on day 14 between 0900 and 1100 h. Non- 
pregnant {n = 7) and pregnant {n = 7) rats used for in 
situ hybridization histochemistry were given an intraperi- 
toneal injection of sodium pentabarbitol (60 mg/mL, 
National Veterinary Supplies Ltd, New Zealand) to induce 
deep anesthesia prior to transcardial perfusion with 2% 
(w/v) paraformaldehyde in 0.1 mol/L phosphate buffer 
(PB). Brains were immediately removed and immersed in 
paraformaldehyde overnight, 30% (w/v) sucrose for 
3-5 days, then rapidly frozen on dry ice and stored at 
— 80°C until use. Tissue was collected from another group 
of nonpregnant {n = 11) and pregnant (n = 8) rats for 



LMD and qPCR analysis and hormone measurements. 
Following decapitation, rat brains were removed from the 
skull, and immediately frozen on dry ice before storage at 
— 80°C until use. Trunk blood was collected at time of 
sacrifice and glucose level was immediately measured 
using a glucometer (Accu-Chek Performa by Roche, 
Mannheim, Germany). Blood samples were briefly centri- 
fuged at 6000 g and plasma was collected and stored at 
— 20°C. Plasma samples were analyzed using a rat leptin 
radioimmunoassay kit (Millipore, Billerica, MA) and a rat 
insulin radioimmunoassay kit (Millipore) according to 
manufacturer's instructions. Data for hormone and glu- 
cose concentrations were analyzed by one-way analyses of 
variance (ANOVA). The significant level was set at 
P < 0.05. 

In situ hybridization histochemistry 

Coronal sections (16 ^m thickness) through the VMN 
and arcuate nucleus (Arc) were cut using a cryostat and 
float mounted onto Superfrost plus slides (Thermo Fisher 
Scientific NZ Ltd, North Shore City, New Zealand), air 
dried, and stored at — 20°C until further use. [35-S]UTP- 
labeled riboprobes were synthesized using an in vitro 
transcription kit (Promega, Madison, WI) from purified 
DNA templates amplified by reverse transcription poly- 
merase chain reaction (RT-PCR) using oligonucleotide 
primer sets for Pacap and glucokinase with SP6 and T7 
RNA polymerase promoter sequences ligated to the 5' 
ends of the forward and reverse primers, respectively 
(Table 1). A Digoxigenin (DIG) probe for Bdnf was 
developed using a DIG RNA labeling kit SP6/T7 (Roche, 
Manneheim, Germany) in accordance with manufac- 
turer's instructions. Mini quick spin RNA columns 
(Roche, Indianapolis, IN) were used to remove unincor- 
porated nucleotides or DIG and probes stored at — 80°C 
for <7 days ([35-S]UTP probes) or <1 year (DIG probes) 
before use. 



Table 1. Primer sets used for in situ hybridization histochemistry in the rat brain. 



Primer set Sequence (5-3') Amplicon Accession number 



Pacap 


Forward CGGACTCAGCTTCCCTGGGA 
Reverse GCAGGTACTTCCTGGCGGAC 


230 bp 


M63006 
F: 84-103 
R: 313-294 


Glucokinase 


Forward CACTCTGGGGCTTCGACCCT 
Reverse CTTGAAGCTCGGGTGCAGCT 


202 bp 


NM_012565 
F: 1 1 50-1 1 69 
R: 1351-1332 


Bdnf 


Forward AGGACCAGAAGGTTCGGCCC 
Reverse ATCTGCCGCTGTGACCCACT 


239 bp 


NM_012513 
F: 248-267 
R: 486-467 



Pacap, pituitary adenylate cyclase-activated polypeptide; Bdnf, brain-derived neurotrophic factor. 
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For each target gene, six sections per animal (n = 7 for 
both nonpregnant and pregnant groups) were used for in 
situ hybridization. Sections were thawed at 55°C and 
postfixed in 2% (w/v) paraformaldehyde in 0.1 mol/L PB 
for 5 min. 0.5x saline sodium citrate (SSC, 75 mmol/L 
sodium chloride, 7.5 mmol/L trisodium citrate dihydrate) 
was used to wash sections prior to immersion in a pro- 
teinase k solution (2 ^g/mL, Roche, Manneheim, Ger- 
many) for 10 min to permeabilize tissue. Sections were 
washed in 0.5x SSC for 10 min, rinsed in Ix triethanol- 
amine (TEA), and acetylation undertaken by agitation in 
Ix TEA containing 0.25% (v/v) acetic anhydride. Two 
changes of 2x SSC were used to wash sections prior to 
prehybridization. Sections were taken through an ethanol 
series (50, 80, 95, and 100%), immersed in chloroform 
for 5 min, then taken back through 100% (v/v) and 95% 
(v/v) ethanol, and air dried for <2 h. For hybridization 
[35-S]UTP probes were prepared by centrifuging at 
12 000 g for 20 min at 4°C, removing the supernatant 
and washing with 70% (v/v) ethanol. Probes were spun 
for a further 5 min, the supernatant removed and resul- 
tant pellet air dried for 15-20 min before being dissolved 
in Tris-EDTA (TE) buffer. Both DIG (70 ng/section, 
Bdnf) and [35-S]UTP probes (6.0 x 10^ cpm per section, 
Pacap and 1.2 x 10^ cpm per section, Glucokinase) were 
mixed with tRNA (50 ^g/section), heated for 3 min at 
95°C to denature, and combined with ice-cold hybridiza- 
tion buffer (50% [v/v] formamide, 0.3 mol/L Sodium 
chloride, Ix Denhardts solution, 20 mmol/L Tris, 
5 mmol/L ethylenediaminetetraacetic acid [EDTA], 10% 
[w/v] dextran sulfate and 100 mmol/L Dithiothreitol 
[DTT]). Then 120 fiL of hybridization mixture was pip- 
etted onto each slide, HybriSlips™ ( Sigma- Aldrich, St 
Louis, MO) were applied and sections incubated at 55°C 
for 18 h. 

Hybrislips were removed and sections washed twice in 
2x SSC. For radioactive probes 2x SSC and O.lx SSC also 
contained 10 mmol/L jS-mercaptoethanol and 1 mmol/L 
EDTA. Sections were immersed in RNAse A (Sigma- 
Aldrich, 20 ^g/L in RNase buffer, 500 mmol/L NaCl, 
10 mmol/L Tris) for 30 min. This was followed by two 
washes in 2x SSC for 10 min each, then a prolonged 2 h 
wash in O.lx SSC for 2 h at 55°C (Pacap and Bdnf) or 
65°C (Glucokinase). Sections were washed further in 0.5x 
SSC twice for 10 min. Slides containing sections used for 
Pacap and Glucokinase mRNA localization were taken 
through an ethanol series (50, 70, 95, and 100%), air 
dried overnight, and exposed to scientific imaging film 
(Kodak Biomax, MR film. Radiographic Supplies Ltd., 
Christchurch, New Zealand) for 10 days (Pacap) or 
28 days (Glucokinase) to generate autoradiographs. Sec- 
tions used for Bdnf DIG detection were washed further in 
two 5 min changes of buffer 1 (100 mmol/L Tris HCL, 
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150 mmol/L NaCl) prior to blocking with 2% (v/v) DIG 
block (Roche, Manneheim, Germany) in buffer 1 contain- 
ing 1% (v/v) triton for 30 min. Incubation with DIG- 
Alkaline phosphatase Fab fragments (Roche, Manneheim, 
Germany) diluted 1:2000 in DIG blocking solution was 
undertaken for 48 h at 4°C. 

Sections for Bdnf mRNA localization were washed twice 
in buffer 1 for 10 min, once in buffer 3 (100 mmol/L Tris- 
HCL, 100 mmol/L NaCl and 50 mmol/L MgCl2) for 
10 min and alkaline phosphatase activity present on sec- 
tions was detected by incubation with a 4-nitro blue tetra- 
zolium chloride/5-bromo-4-chloro-3-indolyl phosphate, 
toluidine salt (NBT/BCIP) solution for 4 h at room tem- 
perature. Four changes in Ix phosphate/saline/EDTA 
(SSPE) buffer lasting 30 min each washed sections thor- 
oughly prior to immersion in distilled water and an etha- 
nol series (70, 95, and 100%). Sections for Pacap and 
Glucokinase mRNA localization were dipped in Ilford 
K.5D nuclear emulsion (Harman Technology Limited, 
Cheshire, England) and stored at 4°C for 2 (Pacap) or 12 
(Glucokinase) weeks. Kodak D19 developer and Ilford 
rapid fixer were used to develop sections. All sections 
were dried at 42°C for 1 h, immersed in two changes of 
Xylene, and coverslipped using vectamount (Vector Labo- 
ratories, Inc, Burlingame, CA). Sections were viewed 
using an Olympus AX70 Provis light microscope (Olym- 
pus Optical Co. Ltd., Tokyo, Japan) and images captured 
with a Spot RT digital camera and associated software. 
Positive hybridization was assessed using Image J 1.43u 
software (National Institutes of Health, Bethesda, MD) 
and defined as an mRNA signal >3 times background. 
Brightness, contrast or correction to color balance in 
images were undertaken using Adobe Photoshop CS5 
extended version 12.0.4 x64 (Adobe Systems Incorpo- 
rated, San Jose, CA). 

Laser capture microdissection 

Coronal cryosections (10 ^m thickness) taken at 40 ^m 
intervals through the VMN and Arc were cut and thaw 
mounted onto Leica polyethylene naphthalate (PEN) 
membrane slides (Bio -strategy, Auckland, New Zealand) 
and stored at — 80°C for up to 30 h. Sections were post- 
fixed in 70% (v/v) ethanol and rapidly stained with 0.1% 
(v/v) thionin staining solution. A Leica LMD system 
(Leica, Wetzlar, Germany) was used to isolate tissue from 
the VMN and Arc of the hypothalamus (Fig. 1). Tissue 
was collected from 16 VMN sections from each animal 
(n = 6 for both nonpregnant and pregnant groups). Dis- 
sected tissue was collected and placed into lysis buffer 
within 1 h (Qiagen RNeasy Micro Kit, Valencia, CA) con- 
taining 1% (v/v) jS-mercaptoethanol and total RNA 
extracted in accordance with manufacturer's instructions 
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Figure 1. Laser capture microdissection of tine VMN and arcuate 
nucleus (Arc) from coronal brain sections collected from 
nonpregnant rats and day 14 pregnant rats. (A, B) Part of a 
thionin-stained coronal rat brain section used for LMD. (A) Two 
holes where the Arc has been dissected out on both sides of the 
third ventricle (3V). The VMN is still intact. (B) Holes where the Arc 
and VMN have been dissected out on the left side of the third 
ventricle shown in A. VMN, ventromedial nucleus of the 
hypothalamus; LMD, laser capture microdissection. 

using the Qiagen RNeasy Micro Kit including an on-col- 
umn DNAse digestion. Resultant RNA quality and quan- 
tity was assessed by running an Agilent small RNA assay 
(Agilent Technologies, Inc, Waldbronn, Germany) accord- 
ing to manufacturer's instructions in an Agilent 2100 
Bioanalyzer. Only samples with intact 18S and 28S RNA 
peaks and RIN values >6.00 were included in subsequent 
qPCR. 

Quantitative polymerase chain reaction 

First-strand cDNA was produced from 1-2 ng total RNA 
with random primers using Superscript™ III Reverse 



transcriptase (Invitrogen New Zealand Limited, Victoria, 
Australia) according to the manufacturer's protocol. An 
RT negative control was included for each sample. The 
resultant cDNA was stored at — 20°C prior to qPCR. 
Oligonucleotide primer and probe sequences specific for 
Bdnfy Glucokinase and Pacap were designed using Primer- 
Quest^^ software (Integrated DNA Technologies Inc., 
Singapore Science Park II, Singapore) (Table 2). jS-actin 
was used as a reference gene and all probes (Integrated 
DNA Technologies Inc.) contained a 5' 6-FAM reporter 
dye and both internal ZEN™ and 3' Iowa black FQ 
quenchers for increased sensitivity (Table 2). 

Quantitative PGR was undertaken by set up of a reac- 
tion mix containing optimized final concentrations of 
primers (600 nmol/L, all genes) and probes (200 nmol/L 
[P-actin, Pacap, and glucokinase] 150 nmol/L [Bdnfl 
[Table 2]), LightGycler ® 480 Probes Master (Ix concen- 
tration, Roche Applied Science, Mannheim, Germany) 
and RNase free water. This was combined with template 
cDNA (2 ^L, undiluted). Samples were set up in dupli- 
cate as singleplex reactions in white LightGycler® 480 96- 
well plates (Roche) to give a final 20-^L reaction volume. 
All plates contained negative controls, in which template 
cDNA was replaced with RNAse free water for each gene 
reaction mix. A set of calibrator LMD samples obtained 
from either the Arc or VMN from both the control and 
day 14 pregnant groups were also included on each plate. 

The LightGycler® 480 Instrument II Real-time PGR 
system (Roche) was used to detect resultant fluorescent 
signal for each gene. Each plate was run in the machine 



Table 2. Quantitative PCR primer/probe sets used for identification of mRNA transcripts in laser capture microdissected VMN and arcuate 
nucleus samples in diestrous rats and day 14 pregnant rats. 



Primer set Sequence (5-3') Amplicon Accession number Efficiencies 



Pacap 


Forward GGAAACCCGCTGCAAGACTTCTAC 
Reverse CAAGACTTTGCGGTAGGCTTCGTT 
Probe ACGCCTACGCCCTTTACTACCCAGCCGACA 


150 bp 


M63006 
F 136-159 
R 285-262 
P 206-225 


1.02 


Glucokinase 


Forward CGAGCTTCAAGGAGCGGTTTCAC 
Reverse CCTCCTCTGATTCGATGAAGGTGATTTCG 
Probe AGTGTGCGCAGGCTGACACCCAACT 


81 bp 


NM_012565 
F: 1341-1363 
R: 1421-1393 
P: 1367-1391 


1.02 


Bdnf 


Forward AGAAGGTTCGGCCCAACGAAGAAA 
Reverse AGAAAGAGCAGAGGAGGCTCCAA 
Probe TCCCGGGTGATGCTCAGCAGTCAAGTGCCT 


103 bp 


NM_012513 
F: 890-913 
R: 992-969 
P: 940-968 


0.94 


/5-actin 


Forward AGATGACCCAGATCATGTTTGAGA 
Reverse ACCAGAGGCATACAGGGACAA 
Probe TCAACACCCCAGCCATGTACGTAGCC 


86 bp 


NM_031144 
F: 434-457 
R: 519-499 
P: 461-486 


0.95 



PCR, polymerase chain reaction; VMN, ventromedial nucleus of the hypothalamus; Pacap, pituitary adenylate cyclase-activated polypeptide; 
Bdnf, brain-derived neurotrophic factor. 
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using a thermocycling protocol consisting of an initial 
preincubation step at 95°C for 10 min to increase detec- 
tion sensitivity, then 45 amplification cycles starting at 
95°C for 10 sec, 60°C for 30 sec, and 72°C for 1 sec, fol- 
lowed by a single cooling step at 40°C for 10 sec. The 
resulting data from each plate were run through an abso- 
lute quantitation/second derivative maximum analysis 
using the LightCycler® 480 software 1.5.0.39 to obtain 
quantification cycle (Cq) values for each transcript and 
these data were analyzed using the comparative Cq 
method. The Cq value is defined as the cycle number in 
which the fluorescent signal (proportional to the amount 
of amplified product) for each reaction is first detected as 
significantly above background fluorescent levels (Bustin 
2000). mRNA transcripts with a Cq value >35 were con- 
sidered below the level of detection and excluded from 
subsequent analysis. In brief, the difference between the 
Cq value obtained for jS-actin and either Bdnf, Pacap or 
glucokinase in each sample is obtained to give the ACq. 
Since this value does not account for a normalizer a 
AACq value is obtained by averaging the ACq values for 
jS-actin and determining the difference between the mean 
ACq for jS-actin and the gene of interest ACq for each 
animal. The presence of a fold difference in expression, if 
any, is then determined using the equation 2"'^'^^^. A Stu- 
dent's t-test using ACq values obtained from each animal 
set was used to evaluate the presence of any significant 
differences in relative gene expression between the two 
groups. Data are presented as relative gene expression with 
comparison to the diestrous control group ±SEM and a 
P-value <0.05 was considered statistically significant. 

Results 

Serum leptin and insulin concentrations were significantly 
elevated on day 14 of pregnancy (n = 8) compared to lev- 
els in nonpregnant rats {n = 11) (one-way ANOVA) 
(Fig. 2). Blood glucose level was significantly lower on 
day 14 of pregnancy (n = 11) compared to the nonpreg- 
nant group {n = 8) (one-way ANOVA) (Fig. 2). Despite 
the increases in these anorectic hormones, food intake 
is markedly increased at this time during pregnancy, 
indicative of the development of leptin resistance dur- 
ing pregnancy (Ladyman and Grattan 2004; Ladyman 
2008). 

Pituitary adenylate cyclase-activated polypeptide 
mRNA expression within the hypothalamus was predomi- 
nantly confined to the VMN (Fig. 3). Distinct clusters of 
high positive hybridization for Pacap mRNA were 
detected throughout the VMN (Fig. 3). A few Pacap-posi- 
tive cells were observed on the ventrolateral border of the 
rostal Arc, but quantitation of relative gene expression in 
the Arc was not possible as levels were negligible when 
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Figure 2. Leptin (A), insulin (B), and blood glucose (C) levels in 
nonfasting nonpregnant rats (n = 1 1) in the diestrous phase of the 
estrous cycle and day 14 pregnant rats (n = 8). Data presented as 
mean ± SEM. *Significantly different to nonpregnant group 
(P< 0.05). 



analyzed by qPCR, once the whole nucleus was included 
in the analysis (data not shown). In the VMN, there was 
no difference in expression levels of Pacap mRNA in the 
pregnant group, compared with the nonpregnant controls 
(Student's t-test, n = 6 per group) (Fig. 3). 

Widespread Bdnf mRNA expression was evident in the 
mediobasal hypothalamus, particularly within the Arc 
(Fig. 4). In the VMN, positive hybridization was predom- 
inantly localized to the ventrolateral aspect of the nucleus, 
with minimal mRNA expression observed in the dorso- 
medial portion that is more typically associated with lep- 
tin-responsive neurons (Fig. 4). Pregnancy did not affect 
the pattern of Bdnf mRNA expression, nor the levels of 
mRNA of Bdnf measured in either the ventromedial or 
arcuate nuclei when measured by qPCR (Student's t-test, 
n = 6 per group) (Fig. 4). 

Glucokinase mRNA expression was diffuse throughout 
both the VMN and Arc (Fig. 5). Furthermore, expression 
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Figure 3. Pacap mRNA expression in the VMN of the rat hypothalamus. (A) Diagram consisting of an autoradiographic image of a coronal 
brain section (insert, top right) from a nonpregnant rat showing high positive hybridization for Pacap mRNA in the VMN. The boxed area is 
shown below in the line diagram and dark-field image. The line diagram shows the approximate location of the VMN and Arc in the 
corresponding dark-field image. A positive signal for Pacap mRNA is present in the VMN on the dark-field image. (B-D) High-powered bright- 
field images showing silver grain clusters representative of Pacap -positive cells in three different locations in the VMN (white arrows in A 
correspond to the location of images B-D). (E) Same diagram setup as in A but in a day 14 pregnant rat. The VMN of the pregnant rat, similar 
to nonpregnant rat, shows a positive signal for Pacap mRNA. (F-H) High-powered bright-field images showing silver grain clusters indicative of 
Pacap mRNA expression at three different locations in the VMN (white arrows in E indicate the locations of images F-H). Minimal to no positive 
Pacap mRNA expression was detected in the Arc. 3V indicates the third ventricle. Scale bars A and E 200 pim, B-D and F-G 20 pim. (I) Graph 
showing no change in Pacap mRNA levels in laser capture microdissected VMN samples from nonpregnant rats (n = 6) and day 14 pregnant 
rats (n = 6). Data in I presented as relative gene expression with comparison to control group ± SEM. VMN, ventromedial nucleus of the 
hypothalamus; Pacap, pituitary adenylate cyclase-activated polypeptide. 
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Figure 4. Bdnf mRh\A expression in the rat ventromedial and arcuate nuclei. (A) Low-powered image of the medial basal hypothalamus from a 
nonpregnant rat showing positive Bdnf mRb\ A expression in the VMN and Arc. (B) Image of the dorsal medial aspect of the VMN. A low 
positive signal for Bdnf mRh\ A is apparent in some cells. (C and D) High-powered images of cells in the dorsal lateral portion of the VMN (C) 
and Arc (D). Intense positive hybridization for Bdnf mRNA is widespread. (E) Low-powered image of the medial basal hypothalamus from a day 
14 pregnant rat showing positive hybridization for Bdnf mRNA in both the VMN and Arc. (F) High-powered image of the dorsal medial VMN 
showing low Bdnf mRNA expression. (G and H) High positive Bdnf mRH A expression is evident in the ventral lateral VMN (G) and Arc (H). Red 
boxes in A and E indicate the location of images B-D and F-H, respectively. 3V indicates the third ventricle. Scale bars A and E 200 pim, B-D 
and F-H 25 ^m. (I and J) Graphs showing no significant change in levels of Bdnf rr\Rb\A in both the VMN and Arc from diestrous (n = 6) and 
day 14 pregnant rats (n = 6). Data in I and J presented as relative gene expression with comparison to control group ± SEM. Bdnf, brain- 
derived neurotrophic factor; VMN, ventromedial nucleus of the hypothalamus. 



levels appeared uniform within both the dorsomedial and 
ventrolateral aspects of the VMN, and no differences were 
detected between nonpregnant and day 14 pregnant rats 



(Fig. 5). This was confirmed by the absence of any signifi- 
cant change in glucokinase mRNA expression levels, as 
measured by qPCR, in the VMN and Arc samples 
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Figure 5. Glucokinase mRNA expression in the rat medial basal hypothalamus. (A) Composite diagram containing an insert (top left corner) 
depicting an autoradiographic image showing positive hybridization for glucokinase mRNA in the hypothalamus of a nonpregnant rat. The 
boxed area is shown in a larger form below as a combination of a line diagrammatic representation and dark-field image. The line diagram 
depicts the approximate locations of the VMN and arcuate nucleus (Arc) in the dark-field image. Low positive expression for glucokinase mRNA 
is present in both the Arc and VMN. (B) High-powered bright-field image of the VMN. An example of a glucokinase-positive cell is indicated by 
the black arrow. (C and D) High-powered dark-field images of glucokinase-positive cells (indicated by white arrows) in the VMN and Arc, 
respectively. The corresponding cells are indicated by white arrows in A. (E) The same type of composite diagram as in A but from a day 14 
pregnant rat. A low positive signal for glucokinase mRNA is detectable in both the Arc and VMN as shown in the dark-field image. (F) 
High-powered bright-field image showing an example of glucokinase mRNA positive cells (indicated by black arrow) in the VMN. (G and H) 
Dark-field examples of glucokinase mRNA positive cells (indicated by white arrows) in the VMN and Arc, respectively. The location of these 
corresponding cells are indicated by white arrows in E. 3V indicates the third ventricle. Scale bars A and E 200 fim, B and F 20 fim, C, D, G, H 
25 ^m. Graphs I and J show relative levels of Glucokinase mRNA expression in laser capture microdissected VMN (I) and arcuate (J) nucleus 
samples obtained from nonpregnant (n = 6) and day 14 pregnant (n = 6) rats. Data in I and J presented as relative gene expression with 
comparison to control group ± SEM. VMN, ventromedial nucleus of the hypothalamus. 
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obtained from nonpregnant and day 14 pregnant rats 
(Student's t-test, n = 6 per group) (Fig. 5). 

No positive signals were detected on any sections used 
for in situ hybridization histochemistry treated with sense 
probes for Glucokinase and Pacap or a DIG sense probe 
for Bdnf mRNA. Moreover, no positive expression was 
evident in RT negative or water control wells in qPCR 
experiments. 

Discussion 

Alterations to food intake and metabolism are important 
adaptive responses during pregnancy to meet the constant 
energy demands of the fetus and to allow for the acquisi- 
tion of maternal fat stores for subsequent use during lac- 
tation. To facilitate this state of positive energy balance, 
leptin resistance develops during pregnancy allowing 
increased food intake to be maintained in the face of ris- 
ing levels of leptin (Ladyman et al. 2010). There are at 
least three distinct mechanisms of leptin resistance during 
pregnancy in rodents: (1) Arc insensitivity, as demon- 
strated by a lack of change of neuropeptide Y (NPY), 
agouti- related peptide (AgRP), and proopiomelanocortin 
(POMC) mRNA in response to the increased leptin 
observed during pregnancy (Ladyman et al. 2009); (2) 
alpha-MSH insensitivity, as demonstrated by a lack of 
satiety response to alpha-MSH administration (Ladyman 
et al. 2009); and (3) VMN insensitivity, as demonstrated 
by decrease leptin receptor expression and impaired lep- 
tin-induced pSTAT3 in this nucleus during pregnancy 
(Ladyman and Grattan 2004, 2005; Ladyman et al. 
20 12). This study sought to further investigate this third 
mechanism, by evaluating changes in genes known to be 
involved in energy homeostasis within the VMN. 
Although the VMN has long been known to be involved 
in the regulation of energy balance, the specific neuronal 
phenotype of the neurons involved is only just beginning 
to be understood. Here, we examined three genes on day 
14 of pregnancy that may be candidates to mediate 
actions of metabolic hormones in the VMN: Pacapy Bdnf 
and glucokinase. Surprisingly, despite significant changes 
in leptin and insulin secretion during pregnancy, and 
reduced levels of plasma glucose, expression for these 
genes did not change during pregnancy. These data are 
consistent with a loss of sensitivity to leptin and insulin 
in the VMN during pregnancy. 

Pituitary adenylate cyclase-activated polypeptide-con- 
taining neurons in the VMN are responsive to leptin, and 
may act as a downstream pathway through which leptin 
induces satiety (Hawke et al. 2009). Despite the increased 
leptin concentrations of pregnancy, however, Pacap 
mRNA levels in the VMN were not increased. Although 
we did not see a decrease in expression, as originally 
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hypothesized, the absence of any change in expression in 
response to elevated leptin is consistent with previous evi- 
dence showing decreased leptin receptor expression and 
impaired leptin-induced pSTAT3 in this nucleus during 
gestation (Ladyman and Grattan 2004, 2005), indicative 
of decreased sensitivity to leptin in PACAP neurons dur- 
ing pregnancy. Such a loss of sensitivity may provide an 
adaptative mechanism during pregnancy, to minimize the 
potential anorectic effects of PACAP on food intake, and 
possibly the PACAP mediated stimulation of energy 
expenditure, to support the pregnancy-induced state of 
positive energy balance. 

BDNF is a member of the neurotrophin family and 
regulates neuronal development and synaptic plasticity. 
Recently, it has also been demonstrated to play a distinct 
role in regulating energy balance (Vanevski and Xu 2013). 
It is highly expressed in the hypothalamus, where it acts 
as a satiety factor (Pelleymounter et al. 1995; Kernie et al. 
2000; Rios et al. 2001), particularly in the VMN and 
DMN (Xu et al. 2003; Unger et al. 2007). While it is now 
thought that leptin does not act directly on contain- 
ing neurons within the VMN (Liao et al. 2012), it does 
appear to indirectly stimulate Bdnf mRNA through the 
melanocortin system (Xu et al. 2003). In the current 
study, despite elevated leptin levels during pregnancy, 
there were no changes in the levels of Bdnf mRNA in the 
VMN. It seems possible that this lack of response could 
be mediated by a change in response to melanocortin sig- 
naling. Unlike diet-induced or age-induced leptin resis- 
tance, which are accompanied by normal responsiveness, 
or in some cases enhanced responsiveness, to alpha-MSH 
(Pierroz et al. 2002; Zhang et al. 2004), pregnancy- 
induced leptin resistance is associated with a loss of 
response to alpha-MSH, suggesting that impaired melano- 
cortin signaling may underlie at least part of the lack of 
response to leptin (Ladyman et al. 2009). BDNF-contain- 
ing neurons in the VMN express insulin receptors (Liao 
et al. 2012), and insulin acts with leptin to regulate the 
translation of long 3' UTR Bdnf mRNA in dendrites. It is 
this form of Bdnf mRNA that is likely to be involved in 
BDNF-mediated suppression of feeding (Liao et al. 
2012).The absence of a change in Bdnf mRNA during 
pregnancy, despite significantly elevated insulin, suggests 
that pregnancy may also be associated with insulin resis- 
tance in the hypothalamus. 

In this study, we also showed that there is no change 
in glucokinase mRNA in the VMN during pregnancy. 
This is interesting, as pregnancy is associated with 
impaired counter- regulatory response to hypoglycemia 
(Rossi et al. 1993; Canniff et al. 2006). In other situations 
where counter- regulatory responses are impaired, such as 
diet- induced obesity, elevated glucokinase expression is 
observed (Dunn-Meynell et al. 2002). This suggests that 
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the change in counter- regulatory response during preg- 
nancy is mediated through different mechanisms, and is 
unlikely to involve glucokinase. It should be noted that as 
opposed to pathological changes in obesity, the blunted 
counter- regulatory response during pregnancy is adaptive, 
altering maternal glucose homeostasis to provide the opti- 
mal environment for the growing fetus. An important 
caveat is that in the current study only glucokinase 
mRNA was measured, and not activity of the enzyme. 
Leptin has been shown to decrease VMN glucokinase 
enzyme activity in rat hypothalamic slice explants (Sanz 
et al. 2007). In a neuronal cell line (GTl cells), leptin 
does not affect glucokinase mRNA expression (Sanz et al. 
2007), therefore it is possible that impaired leptin signal- 
ing in the VMN during pregnancy (Ladyman and Grattan 
2004, 2005) may result in increased glucokinase activity 
without changes in glucokinase mRNA levels. 

Pregnancy is associated with hyperphagia and increased 
fat deposition, elevated leptin and insulin secretion, and a 
loss of response to the anorectic effects of leptin. In this 
study, we sought to evaluate the consequences of preg- 
nancy-induced leptin resistance in the VMN on three 
genes that are preferentially expressed in this nucleus and 
are known to be involved in regulation of glucose and 
body weight homeostasis. Although these genes did not 
appear to be differentially regulated during pregnancy, the 
absence of change in the face of significantly altered leptin 
and insulin concentrations is indicative of a loss of sensi- 
tivity to these important metabolic hormones. It is unli- 
kely that changes in these genes in the VMN can account 
for the hyperphagia of pregnancy, as levels were not dif- 
ferent from the nonpregnant state. It seems likely that 
hyperphagia may be mediated by other hormones that are 
elevated during pregnancy and that can stimulate appetite 
such as prolactin or progesterone (Hervey and Hervey 
1967; Gerardo-Gettens et al. 1989a,b; Sauve and Wood- 
side 1996). Nevertheless, the apparent loss of sensitivity to 
leptin and insulin may be important to prevent the nor- 
mal anorectic consequences of elevations in these hor- 
mones, allowing increased food intake to be maintained 
during pregnancy, unopposed by the regulatory feedback 
response that would normally be generated by increasing 
fat mass and rising leptin levels. This is an adaptive 
response, essentially buffering the hypothalamus from the 
consequences of high leptin, when the satiety actions of 
leptin are not desirable. This is analogous to how skeletal 
muscle and fat tissue becomes insulin resistant during 
pregnancy, to facilitate glucose transport to the fetus 
(Leturque et al. 1984; Ryan et al. 1985; Hauguel et al. 
1987; Holness et al. 1991). 

The hormonal changes associated with pregnancy 
mediate a number of adaptive responses to facilitate a 
positive energy balance in preparation for subsequent 



metabolic demands of lactation. Hypothalamic leptin 
resistance is a key mechanism, particularly within the 
VMN, alleviating restrictions on food intake and allowing 
pregnancy- specific orexigenic signals to drive food intake 
and accumulation of fat stores. The results from the cur- 
rent study have shown that despite changes in concentra- 
tions of metabolic signals such as leptin, insulin, and 
glucose, known VMN genes involved in the regulation of 
energy balance do not differ from levels in the nonpreg- 
nant state. These data provide further evidence for devel- 
opment of leptin resistance in the VMN as an adaptive 
response during pregnancy. 
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